Helium nanodroplet isolation is used to produce van der Waals-bound quartet state alkali trimers ͑Na 3 and K 3 ͒ selectively over the corresponding chemically bound doublet trimers. Frequency-resolved excitation and emission spectroscopy reveals the presence of nonadiabatic spin-flip processes in the electronically excited states. A total of four quartet to quartet electronic transitions are observed: the 2 4 EЈ,1 4 E←1
I. INTRODUCTION
Recently, it has been shown in our laboratory that a beam of helium nanodroplets can be used in conjunction with a low density pick-up ͑scattering͒ cell to form the weakly bound, spin polarized, quartet trimers of sodium [1] [2] [3] and potassium. 4 While the chemically bound doublet states of Na 3 have been the object of many experimental [5] [6] [7] [8] [9] [10] [11] [12] and computational [13] [14] [15] studies, no alkali metal quartet trimers had been previously observed. In the molecular beam spectrometer, when three randomly oriented gas-phase Na atoms are picked up by the same nanodroplet, they may combine to form Na 3 in either the doublet or the quartet spin state. While the abundance based upon spin statistics would be equal numbers of doublets and quartets, it has been observed in our laboratory that, downstream of the pick-up point, high-spin alkali oligomers are detected in much greater abundance than their low-spin counterparts. 16 This selection of high-spin species can be understood considering the binding energies released upon formation of high-and low-spin Na 3 . In the formation of doublet Na 3 , approximately 8000 cm Ϫ1 of energy ͑the binding energy of doublet Na 3 relative to three ground state sodium atoms͒ needs to be dissipated by the droplet through the evaporation of helium atoms. As each helium atom is bound to the droplet by ϳ5 cm Ϫ1 , a substantial percentage of a ͗N͘ ϭ10 3 -10 4 helium nanodroplet ͑the droplet size range typically used to form these species͒ would be destroyed through this process. Furthermore, because of the weak alkalihelium interaction energy, 17 the Na atoms reside on the surface 18 where they meet to form trimers and undergo vibrational relaxation ͑cooling͒. However, relaxation-induced droplet evaporation of the trimer may also occur, with consequent loss of doublet trimer-nanodroplet complexes. Instead, upon formation of quartet Na 3 , which is bound by only 850 cm
Ϫ1
, only a small percentage of helium in a nanodroplet would need to be evaporated to cool the trimer and the droplet to the 0.38 K 19 terminal temperature of the latter. A comparison of the two processes is shown schematically in Fig. 1 . The droplets that need to dissipate the chemical energy liberated in the doublet trimer formation have a lower probability of survival, as shown by the fact that doublet trimer spectra have not been detected. The nanodroplets that bear the quartet trimers, however, do survive and are detected. Thus the selection of high-spin oligomers by helium nanodroplets is explainable by energetic considerations similar to those that justify why their formation in standard molecular beam experiments is so unlikely.
In the previous work that was conducted in our laboratory, 3 quartet trimers of Na 3 and K 3 formed using the helium nanodroplet isolation technique were used to investigate a unimolecular reaction where the bonding nature of the van der Waals-bound quartet trimers is converted to covalent following electronic excitation. In this paper, frequencyresolved spectra of two quartet transitions ͑one each in Na 3 and K 3 ͒ will be presented in addition to those that had been previously reported. We will extend the Jahn-Teller analysis performed for the 2 4 EЈ←1
4 A 2 Ј transition of Na 3 to the case of quartet K 3 . Time-resolved experiments will be presented which provide quantitative dynamical data on the nonadiabatic spin-flip process that takes place in the excited quartet state of Na 3 . The analysis of the resonant emission of the 2 4 EЈ→1 previous publication by the authors, 2, 4 had suggested the presence of vibrational cooling of the excited state by the host helium nanodroplet. Here we will present a quantitative analysis of the time-resolved resonant emission from which the lifetimes for vibrational relaxation in the 2 4 EЈ excited state of Na 3 will be extracted.
II. EXPERIMENT
The production and use of helium nanodroplets as a matrix for spectroscopic experiments is made possible by a molecular beam apparatus that is described hereafter. The helium nanodroplet source consists of a nozzle of either 10 or 20 m diameter cooled to 14 -25 K. Through this nozzle helium gas is expanded at a pressure of 5.4 MPa, generating a beam of nanodroplets that passes through a 400 m skimmer into a pick-up cell where it interacts with a low pressure vapor ͑0.01-0.2 Pa͒ of the alkali metal of interest. The alkali metal atoms that collide with a helium nanodroplet become attached to it and can subsequently be used for spectroscopic study. After doping, the nanodroplets encounter the laser interaction area that is located 3.5 cm ͑ϳ90 s flight time͒ downstream from the pick-up cell. The probe laser beam enters the vacuum apparatus through a baffle and crosses the molecular beam at 90°in the center of a laser-induced fluorescence ͑LIF͒ collector.
The LIF collector is comprised of an elliptical and a spherical mirror which surround the molecular and laser beam interaction region and coincide with one focus of the elliptical mirror and the center of the spherical mirror. The other focus of the elliptical mirror lies at the entrance to a 6-mm-diam incoherent multimode optical fiber bundle that is located on the surface of the spherical mirror and transports the photons to the appropriate detector. Such a two-mirror design is capable of collecting over 80% of the photons generated in the interaction region ͑although a lower fraction of photons actually arrives at the detector due to the properties of our collection fiber bundle͒. However, this efficiency is reduced by approximately a factor of 2 when the spherical mirror is replaced by a flat black-coated substitute. This substitution, and the consequent loss in collection efficiency, is required for the time-resolved photon counting experiments to be described in the following because the presence of the spherical mirror would allow for two pathways differing in time by ϳ400 ps through which photons can gain access to the fiber bundle.
Frequency-resolved spectra of the alkali-doped helium nanodroplets were obtained using either a continuous wave ͑cw͒ Coherent 699-21 dye laser incorporating DCM ͑14 500-16 800 cm Ϫ1 ͒ laser dye or a cw Schwartz-EO Ti:Al 2 O 3 laser. Two sets of optics were employed in the Ti:Al 2 O 3 laser: a short band set in the range of 12 195-14 285 cm Ϫ1 and a midband set between 11 049 and 14 184 cm
Ϫ1
. The linewidth of the Coherent 699 dye laser was determined to be less than 0.1 cm Ϫ1 while the effective linewidth of the Ti:Al 2 O 3 laser was 0.25 cm Ϫ1 . A home-built wavemeter was used to measure the frequency of the lasers. The accuracy of the wavemeter is determined to be better than 0.01 cm Ϫ1 by recording the spectrum of I 2 . The main portion of the laser output was directed into a single-mode optical fiber and transported to the input of the molecular beam apparatus. Fluorescence photons were detected by a photomultiplier tube ͑ThorEMI 9863QB͒ operated in a pulse-counting mode. Emission spectra were obtained by imaging the fluorescence from the optical fiber bundle onto the entrance slit of a 0.35 m monochromator ͑MacPherson EU-700͒. A liquid nitrogen-cooled charged coupled device ͑Prin-ceton Instruments 1152UV͒ was used to acquire the emission spectra.
For the time-resolved experiments, a mode-locked, doubled Coherent Antares Nd:YAG laser producing a pulse train with a frequency of 76 MHz at 532 nm was used as the pump laser. The typical average output power of the second harmonic was kept at or under 2 W. This green pulse train synchronously pumps one or both of two Coherent 700 folded-cavity dye lasers. Each dye laser is equipped with a cavity dumper ͑Coherent 7210͒. Typically the system was operated so as to produce extra-cavity pulses with a frequency of 3.8 MHz. Typical values for the average power of the dye laser output at a 76 MHz repetition rate ͑running R6G dye at 589 nm͒ are around 300 mW, which corresponds to about 4 nJ of energy per pulse, while the average output power of 120 mW attainable with the 3.8 MHz repetition rate by use of the cavity dumper in the pulsed mode corresponds to pulse energies of about 30 nJ.
The reversed time-correlated photon counting apparatus used in our laboratory has been described elsewhere. 20 Reversed time-correlated photon counting is employed in order to take advantage of a greater laser repetition rate while assuring the absence of temporal bias in the data. The time resolution of a time-correlated single photon counting instrument is empirically determined through the collection of an instrument response function. 21 The instrument response function is obtained with a pure scattering experiment in which the finite rise ͑and width͒ of the collected pulse rep-FIG. 1. Schematic representation of the formation of sodium quartet trimer ͑left panel͒ and doublet trimer ͑right panel͒ on the surface of a helium nanodroplet. In the former case, the trimer is likely to remain on the helium nanodroplet while in the latter case the trimer-droplet complex is not likely to survive.
resents the finite rise time ͑and jitter͒ of the electronic instruments employed in the experiment. 22 Our instrument response function was obtained by producing a beam of hydrogen aggregates through a 30 K nozzle and was found to have a full width at half maximum ͑FWHM͒ of ϳ200 ps. The time resolution, however, is not limited by the FWHM of the instrument response function but rather by the jitter of its rising edge. Thus a factor of one-tenth of the FWHM of the instrument response function in time is often taken as the limit of temporal resolvability of a time-correlated single photon counting instrument. 23 Modeling of the time-resolved data is carried out through an iterative convolution method written using the MATHCAD 24 4 A 2 Ј excitation spectrum of Na 3 on helium nanodroplets obtained with a mean droplet size of approximately 11 000 helium atoms produced at a stagnation pressure of 5.4 MPa and a nozzle temperature of 17.5 K through a 10 m nozzle. The LIF excitation spectrum was obtained using the Coherent 699 cw dye laser. In order to assign the excited electronic states of both Na 3 and K 3 ͑see the following͒, the experimental transition frequencies are compared to those obtained from ab initio calculations using multireference configuration interaction ͑MRCI͒ 3 and the equation of motion coupled cluster technique with single and double excitations ͑EOM-CCSD͒. Table I displays the energies and symmetries of the calculated electronic states of Na 3 using both techniques. All energies correspond to the vertical transition from the lowest quartet state to the electronically excited state shown in Table  I . As can be seen from Table I , the spectrum of quartet Na 3 that is shown in Fig. 2͑a͒ corresponds to the second dipole allowed transition ͑to a 2 4 EЈ state͒. The calculated transition wave number found using both MRCI ͑15 461 cm Ϫ1 ͒ and CCSD ͑15 872 cm Ϫ1 ͒ are both very close to the observed value of 15 817 cm Ϫ1 .
It has been reported prior to this work 3,4 that quartet trimers of Na and K, upon electronic excitation, can undergo curve crossing into the doublet manifold. After crossing into the doublet manifold, the molecule will be in an excited state that is expected to dissociate into an atom and a covalently bound singlet dimer. Evidence for this simple unimolecular reaction has been found through the dispersed emission spectra collected upon 2 4 EЈ←1
4 A 2 Ј excitation of Na 3 that is 4 A 2 Ј transition of Na 3 .
͑c͒ Excitation spectrum of the 1
The solid bars indicate the prediction of the EOM-CCSD calculations which in the case of K 3 have been scaled. in Fig. 3͑a͒ corresponds to the 3 2 P 3/2,1/2 →3 2 S 1/2 atomic emission of Na, and the feature marked 3 is assigned to the
Neither of these higher-energy features is the result of a multiple photon excitation process ͑as the intensities scale linearly with laser power͒ and thus each is the product of the intersystem crossing of Na 3 into a predissociative doublet state. Figure 4 illustrates schematically the three possible decay channels of Na 3 which become open after 2 4 EЈ←1
In addition to the observation of the 2 4 EЈ←1
4 A 2 Ј transition of Na 3 that was recorded near 15 800 cm Ϫ1 , an excitation spectrum of Na-doped helium nanodroplets acquired using the Ti:Al 2 O 3 laser operating in the short wavelength band revealed a broad absorption between 12 000 and 12 500 cm Ϫ1 ͓see Fig. 2͑b͔͒ . There is no resolved vibronic structure present and the overall intensity of the band is much weaker than that of the 2 4 EЈ←1 above the lowest quartet state, while the EOM-CCSD calculation predicts a transition at 12 387 cm Ϫ1 , both in very close agreement with the observed transition. The spectrum lacks a strong 0-0 transition, which is an indication that there is a large geometry change upon excitation to the excited state. The Franck-Condon envelope of the transition is therefore spread out in frequency and the vibronic structure becomes ''washed out'' as the individual lines overlap due to the broadening induced by the helium nanodroplet.
As in the case of sodium, the collection of three K atoms with parallel electron spins allows for the formation of a quartet potassium trimer on the nanodroplet surface. It can be reasonably assumed that the energies of the excited electronic states of the alkali dimers and trimers scale in an approximate way with the energy of the corresponding atomic excitations. While the Na atomic 3 2 , respectively. The first quartet K 3 transition, observed by scanning the Ti:Al 2 O 3 laser from 11 900 to 12 400 cm Ϫ1 , agrees with the second predicted frequency and is displayed in Fig. 2͑d͒ . By comparison with the calculated electronic states of the sodium trimer, this transition can be identified as the 2 4 EЈ ←1 4 A 2 Ј transition of K 3 . A scan at higher frequencies reveals a second K 3 quartet transition with an origin at 12 690 cm Ϫ1 , which is partially masked by the excitation spectrum of potassium atoms on the helium nanodroplets ͓see Fig.  2͑c͔͒ . For this experiment, the potassium oven was maintained at a temperature of 174°C. A 10 m nozzle cooled to a temperature of 17.5 K and a helium stagnation pressure of 5.4 MPa ͑average droplet size-11 000 atoms/droplet͒ was used to produce the helium nanodroplet beam. To confirm the assignment to a potassium trimer transition, an alkali metal pressure dependence of the LIF signal was recorded and displays an initial cubic dependence that is expected for a transition originating from a trimer. 27 This transition is, however, not in coincidence with any of the three frequencies predicted previously. Following the scaling of the Na 3 quartet transitions, the next higher dipole allowed transition after the 2 4 EЈ←1
Based upon this scaling, we tentatively assign the spectrum beginning at 12 690 cm Ϫ1 ͓shown in Fig. 2͑c͔͒ 
͑b͒ Emission spectrum of the 1 . This yields a 1 frequency of approximately 100 cm
. The weaker bands observed in the K 3 spectrum can therefore be assigned to a weak progression of even quanta in 2 , which has eЈ symmetry.
Let us now return to the comparison between the 2 4 EЈ ←1 4 A 2 Ј spectra of Na 3 and K 3 . Both spectra are dominated by a 0-0 band with large intensity and accompanied at higher energy by a weaker vibronic progression of the JahnTeller active mode. 2 The vibronic bands in the K 3 spectrum are not as well resolved as those of the Na 3 spectrum due to several factors. The broadening in the K 3 spectrum ͑57 cm
͒ is slightly greater than that observed in Na 3 ͑29 cm
, FWHM of 0-0 band͒. This is probably due to a greater coupling of the trimer to the internal modes of the helium nanodroplet. Also, the heavier atomic mass of potassium results in lower vibrational frequencies of the K 3 molecule than that of Na 3 , leading to a closer spacing between lines. The excitation spectrum of this transition of K 3 can be assigned using the E e Jahn-Teller coupling model employing the same procedure as was used for the assignment of the Na 3 spectrum.
2 Figure 5 displays the experimental spectrum and the calculated levels that result from a fit to the linear and quadratic Jahn-Teller coupling parameters. The calculated spectrum is convoluted with a Gaussian line shape of 57 cm Ϫ1 width for comparison to the experimental spectrum. The parameters of the Jahn-Teller analysis are listed in Table  II , comparing them to the results for the 2 4 EЈ←1
4 A 2 Ј transition of Na 3 .
The linear Jahn-Teller coupling, normalized to the frequency of the asymmetric vibration, is similar in the 2 4 EЈ state of K 3 ͑0.84͒ and the 2 4 EЈ state of Na 3 ͑0.72͒, leading to a Jahn-Teller stabilization energy that is almost identical in the two molecules ͑24 cm Ϫ1 in K 3 , 22 cm Ϫ1 in Na 3 ͒. The normalized quadratic coupling in K 3 ͑0.34͒ is lower than that of Na 3 ͑0.48͒, producing a smaller barrier between the three local minima of the D 3h molecule. Table III 
B. Emission spectra
The emission spectra of the two quartet transitions of K 3 provide valuable data on the nonadiabatic spin-flip processes that occur in the quartet trimer. In addition, analysis of the resonant fluorescence allows a detailed study of the lowest quartet state of the trimer. . The spectrum is similar to that obtained by the excitation of the 2 4 EЈ←1
4 A 2 Ј transition of Na 3 because intersystem crossing of the quartet state places the trimer in an excited doublet state that predissociates into an atom and singlet dimer. Also in this case three channels of fluorescence are observed in exact accordance with the Na 3 spectrum, two of which are at higher energy than the excitation energy. Fig. 3͑c͒ . Only two channels of fluorescence are found instead of three. The most prominent feature in the spectrum is the 4 2 P 3/2,1/2 →4 2 S 1/2 atomic transition of potassium. A very minor component of the fluorescence is seen below 12 000 cm Ϫ1 and corresponds to the resonant quartet fluorescence. Also in this case intersystem crossing into the doublet manifold of the trimer is occurring as was observed in the other quartet transitions observed in Na 3 and K 3 . The branching ratio for the product fluorescence after spin-flip is however quite different upon excitation of the 2 4 EЈ←1
4 A 2 Ј transition as all of the fluorescence is localized on the atomic potassium fragment. Several factors can affect the intersystem crossing rate in the 2 4 EЈ←1
4 A 2 Ј transition of K 3 . Since the Jahn-Teller parameters and the magnitude of the 2 vibrational frequency are comparable in the 2 4 EЈ state of both Na 3 and K 3 , similar potential surface gradients near the doublet-quartet state crossing would lead to an increased rate of intersystem crossing. In addition, the spin-orbit coupling matrix element is expected to be greater in K 3 than in Na 3 , which would lead to greater fluorescence in the doublet dissociation channels. However, since the form of the doublet potential surface to which the quartet state is coupled is unknown, it is not possible to evaluate the effect of these differences with any amount of confidence.
IV. TIME-RESOLVED STUDIES

A. Intersystem crossing dynamics
The intersystem crossing of Na 3 from the quartet to the doublet manifold is an example of a unimolecular reaction of a triatomic complex in which spectroscopic information from the product channels can be obtained. The case of the quartet alkali trimers is particularly interesting, as the bonding nature of the products differs from that of the reactant. In order to gain a more complete understanding of the reaction dynamics of this system, time-resolved studies have been carried out on quartet Na 3 in which measurements have been made of product-channel fluorescence onset and decays.
Our time-resolved studies employ the time-correlated single photon counting system described in Sec. II. Measurements were made by inserting an Andover 589FS-10 bandpass filter between the excitation and detection regions in order to selectively collect fluorescence arising from the atomic dissociation product only. Thus, both the singlet dimer emission and the resonant quartet-to-quartet fluorescence were completely suppressed. As shown in Fig. 6͑a͒ the fluorescence rise times become faster for excitations of higher 2 4 EЈ vibronic trimer bands. The fluorescence plots shown in the Fig. 6 are normalized for sake of comparison. The excitation frequencies are shown in Fig. 6͑b͒ , where they are labeled by , j quantum numbers of the initially populated vibronic levels. The line types used for the identification arrows of the excitation frequencies correspond to the line types used in the fluorescence plots shown in Fig.  6͑a͒ . Modeling this data using a single exponential rise and single exponential fall time yields good fits. The results of these fits are given in Table V . It is found from Table V that the measured fall times reproduce the known gas phase literature values of the lifetime of Na 3 2 P state, 28 confirming that the spin-flip products emit as gas phase species and highlighting the relative accuracy of our photon counting instrument. 4 A 2 Ј excitation of Na 3 . Selective photon collection was accomplished by use of an Andover 500FS-10 bandpass filter, which effectively suppresses all but the fluorescence emanating from the dimer product. The results of the best fits to the data are given in Table V . From Fig. 7 and Table V it can again be seen that the onset of product fluorescence occurs more quickly as the energy of excitation increases. The positions of the excitation energies are shown in Fig. 7 as an inset, with line types of the arrows corresponding to the fluorescence plots. Excepting the case corresponding to the highest energy excitation, the fluorescence onset times of the atom and dimer products are quite similar, as for all but the highest-energy excitation, the rise times of the dimer spin-flip product and the atom spin-flip product fall within the reported error ͑see Table V͒ . We also note the fast decrease in fluorescence onset time for the first few excitation energies and the ensuing plateau of onset times ͑again excepting the last point͒. The fluorescence onset time of the emission products represents the time needed to populate the Na 2 (B)
1 ⌺ g ϩ and the Na atomic 3 2 P 3/2,1/2 →3 2 S 1/2 emission channels. The time taken to populate these channels is a sum of the time needed for intersystem crossing of the vibronically excited Na 3 from the quartet to doublet manifold and the time needed for dissociation of the predissociative doublet into the gas-phase dimeric and atomic fluorescence products. As the time spent in the predissociative doublet state is expected to be negligible ͑i.e., a few picoseconds͒, it is reasonable to equate the fluorescent onset times of the dimeric and atomic emission products with the actual intersystem crossing time. Thus the times reported in Table V represent the lifetimes of intersystem crossing for particular vibronic bands of the sodium quartet trimer.
We then find that for excitations of the lowest ͑0,0͒ 2 4 EЈ band of Na 3 , intersystem crossing occurs in roughly 1.4 ns, while this time shrinks to around 400 ps for the higher (vϭ3) bands. Radiative decay of the quartet state can be estimated to be 19.5 ns based on the oscillator strength estimated by the MRCI method. We have also found that the branching ratio between the spin-flip products is constant as a function of the excitation energy. 4 The emission spectra of the singlet dimer obtained upon excitation of the ͑0,0͒ band and the ͑1,1/2͒ band of the excited quartet trimer yield indistinguishable intensity patterns. This is consistent with the model of intersystem crossing into the doublet state that will occur at a specific energy through a ''doorway'' state. Once the intersystem crossing occurs, the trimer will arrive at the same configuration on the potential energy surface irrespective of the level excited in the quartet system. This in turn will lead to identical product distributions that are not dependent on the excitation energy.
This being the case, it is possible to conclude that the electronically excited quartet trimer accesses a single window into the doublet manifold. If multiple access points to the doublet manifold were attainable at the excitations studied here, the product branching ratios ͑which would be different for different intersystem crossing windows͒ would be found to differ as a function of excitation energy. The energy at which this curve crossing occurs appears to be located near 16 050Ϯ50 cm Ϫ1 above the lowest level of the 1 4 A 2 Ј resonant emission from Na 3 was time resolved using reverse time-correlated single photon counting to obtain information on the vibrational cooling rates. A bandpass filter ͑Andover 633FS10-50͒ is used to selectively collect the resonant fluorescence and to suppress any fluorescence from the excitation laser itself as well as fluorescence generated from the intersystem crossing products described previously. The width of this filter, however, was not narrow enough to discriminate among the various vibronic bands of the resonant fluorescence. That is, emission from all vibronic bands of the 2 4 EЈ state is passed with equal ͑minimal͒ suppression through the filter. Therefore, each measurement should contain lifetime components corresponding to not only the initially populated 2 4 EЈ pseudo-rovibrational level, but also to 2 4 EЈ levels of lower energy that become populated upon vibrational relaxation on the surface of the helium nanodroplet. Depopulation of the vibronically excited , j states of Na 3 occurs through intersystem crossing, spontaneous emission, and vibrational cooling of the trimer. Thus, in analyzing the data, quantifying the fall time components for the higher-lying bands becomes difficult and we shall restrict the discussion to the resonant emission bands of lowest energy.
The temporal behavior of the resonant Na 3 emission was studied for excitations of several 2 4 EЈ vibronic bands. These results are given in Fig. 8 . It is seen from Fig. 8 that the fluorescence falls off more quickly as the excitation energy is increased. The fluorescence onset is instrument limited at р50 ps. Thus in the fitting of the fluorescence fall times described in the following, the fluorescence onset time is held constant at 20 ps. Fits employing other fixed rise times ͑50 and 5 ps͒ do not yield fall times which differ outside of the error of the rise ϭ20 ps fit. Thus a single, 20 ps rise time is employed in all fits to the fluorescence decays that follow.
A fit to the ͑0,0͒ emission yields a lifetime value of 1.3Ϯ0.1 ns. The model used for this fit is comprised of a ͑constant͒ instrumentally limited rise time and a single exponential fall. This model yields a single fall time of 1.1Ϯ0.1 ns for excitation of the ͑1,1/2͒ level, and 870 ps for the ͑2,5/2͒ level. The fits to the emission from the ͑0,0͒ and ͑1,1/2͒ bands are in reasonable agreement with the lifetimes deduced for the product rise times, while the fit for the ͑2,5/2͒ band is quite different. In the fits to the ͑1,1/2͒ and ͑2,5/2͒ bands using a single exponential fall, the reduced 2 was rather high ͑1.5 and higher͒ and so the data were reanalyzed using a multiple exponential model. For the ͑1,1/2͒ level the following model for the fall times, in which the fall time fit to the ͑0,0͒ level is included in the first term, 29 Table VI . For the ͑1,1/2͒ level, the kinetic equations used to model the measured lifetimes contain the following three rates: k 1 ϭtotal depopulation rate for the ͑1,1/2͒ state including both electronic and vibrational relaxation; k 0 ϭtotal depopulation rate for the ͑0,0͒ state by electronic deexcitation; k 10 ϭpopulation transfer rate from the ͑1,1/2͒ state to the ͑0,0͒ state.
Electronic deexcitation includes both intersystem crossing and radiative decay of the excited electronic state. Due to the low temperature of the helium nanodroplet relative to the vibrational spacings, we can neglect all up pumping processes. Upon optical excitation at time zero, we have P 1 (0)ϭ1 and P 0 (0)ϭ0, where P i (t) is the population of state i at time t. For tϾ0, we have the following solutions to the kinetic equations satisfying these initial conditions:
If we further assume that the rate of radiative decay is the same for both states, we get the time dependent total emission as
If we compare this with the values reported in Also, we have the initial conditions P 2 (0)ϭ1 and P 1 (0)ϭ P 1 (0)ϭ0. The solutions to the kinetic equations are
where Aϭ Ϫk 20
CϭϪAϪB.
Note that the expressions for P 2 and P 1 are the same as for P 1 and P 0 given previously with a change of the labels. If we assume the values for the rates k 1 , k 0 , and k 10 from the earlier level, we can determine k 2 from the new decay rate, and the two constants k 21 and k 20 from the relative amplitudes of the three exponential terms in P total . From the 0.02 amplitude for the k 1 term ͓taken from Table VI If the vibrational relaxation was much faster than the electronic decay, then almost all the observed emission would be from the ͑0,0͒ level, regardless of which vibrational level was pumped, and then the observed time decay would be dominated by an exponential with a decay rate equal to that of the ͑0,0͒ level. The fact that for the higher levels the effective decay rate becomes considerably shorter means that only a small portion of the population relaxes to the ͑0,0͒ level of the excited electronic state.
V. CONCLUSIONS
Quartet alkali trimers are a good example of the versatility of helium nanodroplet isolation for the formation of unusual van der Waals complexes and novel radical species. The low temperature ͑0.38 K͒ 19 and superfluid nature of the nanodroplets allows for the acquisition of electronic spectra of the quartet alkali trimers with vibrational resolution. Furthermore, the van der Waals complex of three parallel spin alkali atoms acts as a precursor for a photoinitiated reaction that produces a covalently bound product by way of a nonadiabatic process in the excited quartet electronic state. This reaction can be analyzed in great detail because of the selective preparation of the initial state by the excitation laser and because precise energetic information on the product channels can be obtained through emission spectroscopy. A total of four quartet electronic transitions have been observed: the 2 4 EЈ,1 4 EЈ←1
4 A 2 Ј transitions of Na 3 and the 1 4 A 1 Љ,2
EЈ ←1
4 A 2 Ј transitions of K 3 . A comparison of the product branching ratios between Na 3 and K 3 displays the effect of increased spin-orbit coupling in K 3 on the spin-flip process.
This system provides a unique opportunity to perform time-resolved measurements of covalent bond formation from a van der Waals-bound precursor. Using the technique of reverse time-correlated photon counting, we have found that the spin-flip process occurs in 1.4 ns for the 0-0 transition of Na 3 , decreasing to approximately 380 ps at the access point to the doublet manifold in the excited state. A single access point is inferred in the excited 2 4 EЈ electronic state of Na 3 . The magnitude of the rise times of the product fluorescence indicate that the quartet trimer is undergoing many vibrational oscillations in the excited state before a valence electron may undergo a spin-flip. With each crossing of the trimer through the intersection of the quartet and doublet potential energy surfaces, there is only a small probability of electron spin-flip. Time-resolved measurements of the resonant quartet fluorescence show that vibrational cooling of the excited electronic state occurs on a time scale somewhat slower than that of the spin-flip process. We have shown that the decay of the resonant fluorescence is limited by the spin-flip process and, upon an analysis that also accounts for the vibrational relaxation, yields similar rates for intersystem crossing as those measured by the rise time of the product fluorescence.
